UAB-FT-579 



Evading Astrophysical Constraints on Axion-Like Particles 

Eduard Masso and Javier Redondo 
Grup de Fisica Tedrica and Institut de Fisica d'Altes Energies 
Universitat Autbnoma de Barcelona 
08193 Bellaterra, Barcelona, Spain 
(Dated: February 2, 2008) 

Abstract 

Stellar energy loss arguments lead to strong constraints on the coupling ^77 of a light axion-like 
particle to two photons. Helioscopes, like CAST, are able to put competitive bounds. The PVLAS 
experiment has recently observed a rotation of the polarization of a laser propagating in a magnetic 
field that can be interpreted as the effect of a quite strong ^77 coupling. We present scenarios 
where the astrophysical and CAST bounds can be evaded, and we show that the PVLAS result 
can be accomodated in one of the models, provided the new physics scale is at very low energies. 

PACS numbers: 
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I. INTRODUCTION 



An pseudoscalar axion-like particle coupled to photons 

(F^ is the electromagnetic field tensor, F^ u its dual, and the axion-like field) would be 
able to transform into photons when electromagnetic fields are present 

^ = ^E-B4> (2) 

This is completely analogous to the well known Primakoff effect that involves the 7r°77 
coupling. In this paper we will be interested in the case that is very light since then a 
number of interesting effects may happen. 

When the mass < T c , with T c ~ 1 — 10 keV the typical temperature of stellar cores 
as those of the Sun or horizontal-branch stars, particles are produced by the Primakoff-like 
effect due to the interaction (|1I2|) . If one further assumes that the produced flux escapes 
freely from the star and thus constitutes a non-standard channel of energy-loss, the strength 
of the interaction (jl|2j) can be bounded using observational data on stellar evolution time 



scales 



. For the Sun, one has the limit 

M > 4 x 10 8 GeV (3) 



There is general agreement that these arguments applied to globular clusters lead to an even 
stronger bound 

M > 10 10 GeV (4) 

(Here and thereafter, we understand that the bounds are on the absolute value of M.) 

In the allowed range for M, axion-like particles are still produced in the Sun and a 
calculable flux reaches the Earth Q]. A proposal to detect this flux was given in a pioneer 
paper by Sikivie 3] . The idea is that the interaction (jll2j) allows solar 0's to transform back 
into X-ray photons in a cavity with an external magnetic field. Such helioscopes have been 
built and limits on M have been obtained from the non-observation of this inverse Primakoff 
process in the cavity 0,0]. The last result, from the CERN Axion Solar Telescope (CAST) 
collaboration !5|, is 

M > 0.9 x 10 10 GeV (5) 



(95%CL) comparable to the bound based on the stellar energy loss arguments, eq.(JH). The 
strong limit © can be established when a coherent (f) — > 7 signal is expected, which happens 
for < 0.02 eV. The CAST prospects p are to further improve (J5J) and to extend the 
results to masses up to 1 eV. 

The research we present in this letter has been motivated by the observation of a rotation 
of the polarization plane of light propagating through a transverse, static, magnetic field by 
the PVLAS collaboration |(|. A possible interpretation of this result is the existence of a 
light axion-like particle coupled to two photons 7]. However, if interpreted this way the 
scale appearing in (jip2j) must be 

M ~ 4 x 10 5 GeV (6) 

It results in such a strong coupling that it is in contradiction with the bounds (EJ) and ®. 
Yet, it is consistent with the bounds coming from particle physics experiments p|. 

Let us stress that if there exists a particle with the coupling M^ 1 ~ 2.5 x 10~ 6 GeV -1 
as given in (JBJ), it definitely cannot be the standard QCD axion. The naming "axion-like" 
we use in the paper refers to the particle being very light and to its pseudoscalar nature, 
reflected in the form of the interaction 

Since at present there is no an alternative explanation of the PVLAS data, we are faced 
to the challenge of finding a consistent model that could explain the constraints (@J), (j3J), 
and © in terms of a light particle coupled to two photons. The route we have followed 
has been investigating ways to evade the astrophysical bounds. We have worked out two 
possibilities that could solve the problem. The first is that ^-particles are indeed produced 
in the Sun but that they interact so strongly that are trapped by the solar medium. Then, 
the energy of the emitted ^-particles is much lower than in the usual free-streaming regime 
and thus the CAST telescope is not able to detect them. In Section El we propose a simple 
model with paraphotons that provides a way 0-particles are trapped. However, we will 
see that it leads to too strong photon-paraphoton interactions that are not consistent with 
other observations. Even having this problem, we present the model because, first of all, it 
remains to be seen whether a sophistication of these ideas may lead to a consistent model. 
Second, some of the issues we are faced are helpful in Section IIHI The second possibility 
we examine is that the Primakoff process is suppressed when occurring in a stellar medium. 
Then, there would be far less 0-particles emitted than expected. We discuss in Section IIHI 
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how a composite and the corresponding form factor of the ^77 vertex could be responsible 
for such a suppression of the 0-flux. Finally, we present our conclusions and additional 
comments in Section HV1 



II. TRAPPING REGIME 

Let us start analyzing the possibility that 0-particles are produced in the solar core but 
that interact so strongly with the medium that their fate is analogous to what happens to 
the stellar photons, namely, they abandon the Sun after a lot of interactions, having followed 
a random walk path. In this trapping regime, local thermodynamic equilibrium applies and 
would contribute to the radiative energy transfer. The total opacity, including the exotic 
contribution, 

k total = k~/ 1 + ^(j, 1 

should not be much different from the standard solar opacity /c" 1 ~ 1 g/cm 2 , if we do not 
want to ruin the standard solar model. Specifically, one imposes Jj| 

$ 1 A ( 7 ) 
v cm 2 

The key point of course is to try to implement this possibility within a particle physics 
model. The scenario we shall examine assumes paraphotons provide the trapping interaction. 



These vector particles were proposed by Okun in (see also 11 1) and further developed 
by Holdom in 12]. The basic idea is a modification of QED that consists in adding an 
extra U(l) abelian gauge symmetry. If j M is the electromagnetic current involving charged 
particles ~ e'j^e + ... we start with the lagrangian 

£o = ~if^ + ^f (8) 

This lagrangian has a U(l) gauge symmetry group, and would be the photon part of the 
QED lagrangian. The paraphoton model assumes two groups U(l)i x U(l)2 as the gauge 
symmetry, so that one has two gauge fields Ai and A 2 . 



In the line of 



12j we will assume that there are very massive particles carrying charges 



under both U\ and U2 groups. At low energies, these massive particles running in loops can 
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be integrated out leaving the lagrangian 

C = + 2e n )FriV - i(l + 2e 22 )Ff 

4e 12 FnV + e i.Mi (9) 

The parameter e±2 is the induced mixing in the kinetic terms, and en and e 22 are also 
modifications due to these loops. At first order in the small e-parameters, we define new 
fields that diagonalize and normalize the kinetic terms, 

A fl = (l + e 11 )A lfi (10) 
A'p = (1 + e 22 )A 2fl - e 12 A lfl 

We end up with the photon coupled to charged particles, with e = ei(l — en), and with 
the paraphoton A' 



C = --F^F, U - -F'^F'^ + ejpA" (11) 



1 1 

4 ^ 4 

Different authors have added some physics to (JHJ) and (|llj) so that phenomenological 



consequences arise. In 



Q and ll| 



the effects of a paraphoton mass were discussed. In 
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it was shown that the existence of light particles having U 2 charge leads to these particles 



having an electric charge of size ee. In lj| the paraphoton was identified with a mirror 
photon and some implications were analyzed. The most recent work considers higher- 
order operators to describe the interaction of the paraphoton with matter. 
What we propose is to add to C in the interaction 

£</>7272 = F^ u F 2flv <j) (12) 

with M 2 a low energy scale. The axion-like particle is therefore strongly coupled to the U 2 
gauge boson. After diagonalizing (jl())l we get a strong coupling of (f> to paraphotons 

= ^f/'^K^ ( 13 ) 

a weaker coupling with a mixed term 



and finally we get a term that couples (f) to photons, i.e., an interaction as in (0) with the 
identification 



with M giving the strength (@). 

We now have the necessary ingredients to have a large opacity of <fi in the solar medium. 
The dominant contribution to the opacity comes from the process 

07 - H (16) 
where a virtual 7' is exchanged. The secondary paraphotons are further scattered 

77 -» 77 (17) 

where now a is exchanged. In both reactions, ()16)) and 1)17)1. the initial 7 is of course from 
the stellar plasma. 

Having exposed the main idea, we proceed to the calculation of the opacity, where we 
shall content ourselves with order of magnitude estimates. The head-on collision in (JT5J1 has 
a total cross-section 

5 (18) 



384tt V Mf 



with s = (pcf, +p 7 ) 2 . The total cross-section for (|T7|) is 

(19) 



c / \ 2 
5 / 6x2 



7 768vr VMl 



'2 

with s = (p 7 + £>y) 2 . In (|TH|1 and (fT§|) all particle masses are neglected in front of s. To 
estimate the opacity we set s ~ 4(i? 2 ) and (.E 2 ) ~ 10.3 T 2 , where T is the temperature of 
the medium. We get 

^^- 5xl0 " e -(i§) 4 (^v) (20) 



1 . 2 ( M 2 V { T x -"' 



and 

< A v)- — - lxir " £ -(ki) (svj cm (21) 

Requiring a large enough opacity, eq.(J7J), for the conditions of the Sun core, T ~ 1 keV, 
p ~ 100 gem -3 , we are lead to 

612 > 10 ~ 3 

Mf ~ keV 2 " ( } 

This condition comes from the reaction (fTTj) : the process 1)16)1 gives a weaker condition. 
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In our model, the Sun is a copious emitter of low energy axion-like particles and para- 
photons. However, there could be no axion-like particles reaching the Earth, because of the 
decay — > j'j'. The lifetime of with energy E$ ~ 3T escape is 

— -®r (&)'(*)■ 

would decay before reaching the Earth when the parameters of our model are such that 
< 500 s. In this case, only paraphotons, from emission or decay, would survive the journey 

from the Sun to the Earth. 

Using (fTB^) and the experimental value © and then imposing condition (}2~2~|) we find the 

allowed values for M 2 and ei2- There is a maximum value for the mixing e±2 < 5 x 10 -7 , 

and also a maximum value for the scale M 2 < 25 eV. 

Let us now discuss the cosmological constraints on the new interactions. In the early 

universe, production of paraphotons proceeds trough the reaction 

77 -> 7 y (24) 

The interaction rate T has to be compared to the expansion rate H of the universe to see 
whether the process (I24J) is effective. The calculation is similar to the one leading to (|2*U|) 
and (}2T| . Assuming a matter-dominated universe, we have 

r 1 / ei2 \ 4 /eV\ 4 / T \ 7/2 



- 



(25) 



H 200 VIO- 7 / \M 2 J \eV J 

Clearly, for the values of the parameters M 2 and eu discussed before and for T > 1 eV, 
T/H > 1 and thus a cosmic background of paraphotons will be born (when it is radiation 
that dominates, (|23j) has to be modified, but we reach the same conclusion). Once there is a 
7' population, the situation is catastrophic since the interaction (fTBj) is only e^-suppressed 
while (J21J) is ef 2 -suppressed. As a consequence photons and paraphotons would be in equi- 
librium for T < 1 eV, in contradiction with the observation of having a transparent universe 
for these low temperatures. 

There might be other constraints on 7 — 7' interactions at high energies coming from 
example from photon-photon interactions in accelerators. However, here we should consider 
the issue that the vertex could be subject to form factor effects. We will discuss about this 
topic in the next Section. 
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III. SUPPRESSION OF THE SOLAR PRODUCTION 



Let us investigate now a framework where the production in stellar cores is considerably 
diminished. A first thing to notice is that we should look at (JTJ as an effective lagrangian 
and consequently we should not expect it to be valid at arbitrarly high energies. The well 
studied 7r°77 vertex is similar to and it is useful as a guideline. The crucial point is that 
when one of the photons (or both) is off mass-shell the effects of the 7r°-photon transition 
form factor become manifest. 

There are indeed a variety of measurements where the transition form factor of pseu- 
doscalar mesons can be observed, from moderate q 2 up to large momentum transfer jl^ . 
Let us emphasize that the appearance of a form factor is expected on general grounds. From 
the theoretical point of view, apart from the phenomenological VMD parameterization, one 
gets a form factor when using a quark-triangle model , when calculating in perturbative 
QCD and when using some other methods |l7|. All these approaches are consistent among 
themselves and are able to fit the data. For example, when the 7r°77 vertex is described by a 
quark triangle loop with off-shell photons, the explicit calculation of the diagram leads to a 
form factor that can be identified with VMD provided one assigns constituent masses to the 
internal up and down quarks Q|. Then, for high q 2 one has a suppression M 2 /q 2 ~ M 2 d /q 2 . 

These facts have encouraged us to postulate that the axion-like particle is a confined 
bound-state of quark-like particles, that we will call preons in accordance with tradition. If 
for simplicity we consider one fermion / as the only preon, would be the J p = // 
bound state and the coupling to two photons would proceed through a triangle loop with / 
circulating in it. This would result in the appearance of a form factor effect at high energies. 
When both photons are on-shell there is no suppression; these are the conditions in the 
PVLAS experiment and in the detection setup in CAST. However, in the solar medium 
there would be a suppression of the <fi emission rate. 

Let us calculate which is the required suppression F in the Primakoff amplitude for having 
a consistent scenario. If we call M pv i as the value in © and M cast the lower bound in (JHJ), we 
should have 



1 



1 

< 



i 



MLt 



\- (26) 



M cast 



where in square brackets there is the relevant factor referred to production in the Sun and 
outside the brackets the factor corresponding to detection in CAST. In the lhs we assume 
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there is suppression, while in the rhs we assume none because the CAST limit is obtained 
assuming no form factor suppression in the solar production. Introducing numbers we obtain 



\F\ < 2 x 10" 9 (27) 

We now turn our attention to the theoretical prediction for F, that we obtain from 
the calculation of the preon-triangle diagram amplitude. For invariant masses si and S2 
of the photons, and values of the masses of 0, m^, and the internal fermion /, Mf, the 



amplitude F(s\, S2, mf, Mf) can be put in terms of dilogarithms 16]. Let us comment that 
F is in general a complex quantity and also that, as a form factor, we normalize it as 
F{0,0,m^M f ) = 1. 

The values for s\ and S2 in the solar core will be in the keV range. Indeed, in the 
interior of the Sun the Primakoff production is started by a photon of the thermal bath with 
approximately uj 2 p ~ (0.4 keV) 2 ~ si, with ujp the plasma frequency. The virtual photon 
connecting the vertex to a proton (or to any charged particle) is subject to screening effects, 
as discussed in [18]. These effects amount to cut the momenta contributing to the Primakoff 
effect with the Debye-Hiickle scale k DH , that in the solar core is k 2 DH ~ (9keV) 2 ~ s 2 . 

Provided the mass Mf is much less than si and s 2 , we obtain a strong suppression 
compatible with (|27J). With the values of s 1)2 mentioned above and for < 1CT 3 eV (these 
are the values for which a coherent effect in vacuum is expected in the PVLAS setup) we 
obtain numerically that F satisfies (|2*7jl for 



Mf < 2 x 1(T 2 eV (28) 

To see a bit more clearly how the suppression arises, we have verified that the exact value 
for F, in the limit |s 2 | ^> ^> Mf ^> has the behaviour 

\F\ ~ 10 2 ^ 2M ^ (29) 

Thus, Mf plays the role of the cut-off energy scale of the 077 vertex form factor. The scale 
of new physics is again a low energy scale. 

Let us comment that, before, we have identified k 2 DH with s 2 and that it is an approxi- 
mation since the t-channel carries other momenta. However, \s2\ > kjj H always, so that, at 
the view of ([29)1 . the approximation is conservative. 
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There is a parameter that we have not discussed, namely the electric charge qje of the 
preon /. With the coupling 

Y v Huf dy (30) 

the result of the calculation of the triangle for on-shell photons is 

o? a 1 1 

AT lJ— = _ ~ - (31) 

rrv M 4xl0 5 GeV V ; 

where we have already identified the result with the coupling 1/M in (0) and with the 
experimental value in ( ffij) . Also, we have introduce a factor N corresponding to having a 
confining SU(N) gauge group in the preon sector. 

Now we have to take into account the bound on light millicharged particles coming 
from BBN constraints, 

q f <2x lO" 9 (32) 

In a paraphoton model such a small electric charge could arise naturally Together with 
(|3*T]) it implies again low energy scales 

w<10- 5 eV (33) 

(We have used N — 3). 

Let us point out that the SU (N) gauge group should be totally independent of the color 
SU(3) C standard gauge group. Otherwise, among other undesired consequences, we would 
have in nature hadrons with charges near ±(2/3)e, ±(l/3)e, and ±(4/3)e that would form 
when binding a preon or antipreon with quarks or antiquarks, of the kind uf, uuf, etc. Also, 
at tree level we should take / as a singlet under the standard model, with the small electric 
charge arising as a higher order effect. With all these assumptions, we think the new force 
and particles could have been not noticed in other experiments. Yet, there are consequences, 
like the existence of bound states with higher spin, as for example a state with J = 1 
that would be unstable since it would decay into (jyy. Of course, from a phenomenological 
perspective, it would be interesting to look for signals of the preon model. From a more 
theoretical point of view, here we do not attempt to build a full model, for we think it would 
be premature. Rather, we have shown a possible way to evade the astrophysical limits on 
axion-like particles. 
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IV. CONCLUSIONS 

A recent review by Raffelt jscj emphasizes that the PVLAS result interpreted in 
terms of a new light axion-particle coupled to photons, would lead to the Sun burning much 
faster that what is actually observed. There is the pressing issue of explaining the results in 
a consistent model. Of course an independent check of the results would be most welcomed; 
in fact there are interesting proposals for such type of laboratory experiment where a high 
sensitivity would be reached |21|. 

In this paper, we report the work we have done trying to evade the astrophysical bounds 
and thus accommodating a light particle coupled to two photons. The astrophysical limits 
assume 1) a flux calculated with the interaction (|1I2|) in the stellar core, and 2) that the 
produced particles escape the star without further interaction. 

Our first attemp has been trying to find a model where 2) is not true. In our paraphoton 
model with ([22)1 . axion-like particles cf) are trapped in the stellar interior and so are the 
paraphotons 7' produced by 07 scattering. The large opacity makes production not a 
problem. It follows that the astrophysical limit (@J), that assumes freely escapes, is no 
longer valid. These arguments have nothing to say about an axion-like interpretation of the 
PVLAS result, because it is an earthbound laboratory experiment, with produced and 
detected in the laboratory. 

The model, however, leads to photons to interact with paraphotons so strongly that it is 
excluded, at least in the simple framework we have exposed where a cosmological background 
density of paraphotons emerges. Perhaps a more elaborated model with paraphotons, or 
another model with a different strong interaction can do the job of trapping particles in 
the Sun without entering in conflict with other experiments. Let us point out that there 
are also astrophysical constraints on the 077 coupling coming from red giants and from SN 
observations. As far as the SN is concerned, the low value © makes d> to be trapped in 
the SN core in such a way that one does not need extra interactions In any case, the 
exercise we have presented in Section UTTl shows that it is not trivial to evade the astrophysical 
constraints. 

The astrophysical bound could also be evaded if the 077 vertex, while fully operating 
at PVLAS energies, is suppressed in the conditions of stellar interiors. In this case the 
condition 1) above does not hold. We have explored the possibility that is a composite 
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particle and has a form factor leading to a suppression of the production. We have shown 
that this scenario is able to explain the puzzle. Our ideas are highly speculative since they 
involve preons with a new confining force and probably a miniscule electric charge, but notice 
that we have been inspired by the pion and the 7i~°77 vertex, that after all have the nice 
property of being real. In any case, it would be crucial to look for other phenomenological 
consequences of the preon model. We have not found any that rules out it obviously. 

Either in the case of a strong interaction leading to trapping or of a suppression of the 
production, the astrophysical bounds on axion-like particles could be evaded. If indeed they 
are evaded, there are drastic consequences for CAST, since then the non-observation of 
X-rays does not imply a limit such as 

Our main conclusion is that the explanation of the PVLAS result in terms of a light 
particle coupled to photons is not necessarily in contradiction with other experiments and 
observations. Let us emphasize that taking alone the PVLAS data, if interpreted in terms 
of new light particle coupled to photons, it would already mean an interesting piece of 
new physics. But there is even more. The result, taken together with the astrophysical 
limits and the CAST data, means that we have to go beyond the "mere" existence of a 
new pseudoscalar <p coupled to photons and even more exotic physics has to be invoked. In 
the scenarios of the sort we have proposed the new physics scale is at very low energies. 
If confirmed, it would be an exciting discovery. Otherwise, if finally the models that try 
to evade the astrophysical constrains are shown not to be valid, the situation will be no 
less exciting since an alternative explanation for the PVLAS laser experiment result will be 
needed. 
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